In an effort to address the donor-shortage issue, living-donor lobar lung transplants have been performed with satisfactory results. The use of small grafts is potentially problematic because it could cause high pulmonary artery pressure, resulting in lung edema. The purpose of this study was to evaluate the effect of small grafts on early pulmonary function and to identify the predictor for acceptable size discrepancy.
I n recent years, lung transplantation has become an accepted treatment option for end-stage lung parenchymal and pulmonary vascular disease. However, the shortage of donor organs limits the use of this procedure. Approximately 20% of patients on recipient lists will die of their underlying pulmonary disease while awaiting identification of a suitable donor. 1 The small-size population, including children, is further restricted because organ availability is limited by size discrepancies between the potential recipient and donor. Living-donor lobar lung transplantation may be indicated in properly selected patients. 2, 3 In living-donor lobar lung transplantation, only 2 lobes (usually lower lobes) are implanted. The use of significantly undersized grafts is potentially problematic because it could cause high pulmonary artery pressure, resulting in lung edema.
The purpose of this study was to evaluate the effect of small grafts on early pulmonary function in a newly developed canine bilateral living-donor lobar lung transplant model and to identify the predictor for acceptable size discrepancy. 
Materials and Methods
Seventeen bilateral lobar lung allotransplant operations were performed in pairs of adult mongrel dogs. Body weight, height (the length from the manubrium to the ischial tuberosity), and chest circumference (the first submammary thoracic perimeter) were measured before examination.
Donor Operation
Seventeen adult mongrel dogs weighing between 10.5 and 19.8 kg were used. Donor dogs were premedicated with intramuscular injections of ketamine hydrochloride (5 mg/kg) and atropine sulfate (0.03 mg/kg) and anesthetized by means of an intravenous injection of thiopental sodium (5 mg/kg). They were intubated and placed on mechanical ventilation, with a tidal volume of 20 mL/kg, a respiratory rate of 20 breaths/min, and an inspirated oxygen fraction of 1.0. With the animals in the supine position, a median sternotomy was made. After the thymus was removed and the azygous vein was divided, both vena cavae, the aorta, and the trachea were isolated. Heparin sodium (400 IU/kg) was administered systemically. The trachea was stapled, leaving the lungs well inflated with 100% oxygen. A double lung block was excised without flushing and cooled in cold saline solution. Right lobar grafts (middle, lower, and cardiac lobes) were prepared by means of an upper lobectomy. Left lobar grafts (left lower lobe) were prepared by performing upper lobectomy and lingulectomy. Before implantation, grafts were weighed.
Recipient Operation
Seventeen adult mongrel dogs weighing between 9.8 and 14.4 kg were used. The recipient dogs were premedicated and anesthetized in the same manner as the donors. Each recipient was intubated and mechanically ventilated at 20 breaths/min and a positive end-expiratory pressure of 5 cm H 2 O. Anesthesia was maintained by means of a 50:50 mixture of nitrous oxide/oxygen and 0.5% to 1.0% halothane. A 5F Swan-Ganz catheter was placed in the main pulmonary artery through the right femoral vein to measure the pulmonary arterial pressure (PAP), the central venous pressure (CVP), and the cardiac output (CO). A femoral arterial line was inserted for measuring the aortic pressure (AoP) and for the blood gas analysis. PAP, CVP, CO, and AoP were measured as baseline values, with the dogs in the supine position. Then the animals were placed in the left decubitus position, and a right pneumonectomy was performed through a lateral thoracotomy in the right fifth intercostal space. The excised right lung was weighed. The right donor graft was brought into the chest cavity. The bronchus, the left atrium, and the pulmonary artery were anastomosed consecutively. Continuous over-and-over sutures were used for anastomoses. A chest tube was inserted and connected to negative suction (-10 cm H 2 O), and the right side of the chest was closed. Then the recipient dogs were turned from the left to the right decubitus position, and the left pneumonectomy and implantation of the left donor graft were performed. The excised left lung was weighed. Because cardiopulmonary bypass was not used in this study, the recipient was totally dependent on the transplanted right graft during the left graft implantation. Subsequently, a left atrial monitoring line was inserted to measure the left atrial pressure (LAP). A chest tube was inserted, and the left side of the chest was closed.
Assessment of Pulmonary Function
After transplantation, the recipient was placed in the supine position. Both lungs were ventilated with an inspired oxygen fraction of 1.0, and anesthesia was maintained with an intravenous infusion of thiopental sodium. The recipient dogs were observed for 6 hours after transplantation. AoP, PAP, CVP, and LAP were continuously recorded. CO and arterial and venous blood gases were measured every 1 hour. After the 6-hour assessment period, dogs were killed by means of intravenous administration of potassium chloride solution. 
Statistics
All values are given as means ± SEM. The correlation coefficients between size parameters and postoperative pulmonary function were calculated with StatMate II software. One-way analysis of variance with repeated measures was used to determine whether an overall difference existed in lung function between the 2 groups during the 6-hour assessment period.
Results

Survival
Thirteen of 17 recipients had successful transplantation and survived the 6-hour assessment period. Two died during left lung implantation, and 2 died at 105 and 110 minutes after reperfusion, respectively, as a result of severe lung edema.
Size Disparity and Postoperative Pulmonary Function
The donor/recipient (D/R) body-weight ratio ranged from 1.00 to 1.64 (average, 1.22). D/R height ratio ranged from 0.86 to 1.28 (average, 1.09). D/R chest-circumference ratio ranged from 0.86 to 1.23 (average, 1.09). D/R lung-weight ratio ranged from 0.30 to 1.05 (average, 0.58). D/R lung-weight ratio was defined as the ratio between the implanted graft and the recipient explanted whole lung.
The relationships among these 4 size parameters and mean PAP at 1 hour are depicted in Figure 1 . One animal had high PAP because of filariasis and was excluded from the following hemodynamic analysis. A significant negative correlation was found between the D/R body-weight ratio and mean PAP at 1 hour (r = -0.594, P = .025). There was no significant correlation among the other 3 size parameters and mean PAP at 1 hour.
The relationships between the 4 size parameters and PaO 2 at 6 hours are depicted in Figure 2 . A significant correlation was found between the D/R body-weight ratio and PaO 2 at 6 hours (r = 0.704, P = .007). There was no significant correlation among the other 3 size parameters and PaO 2 at 6 hours.
Study Groups
Because D/R body-weight ratio correlated most with postoperative pulmonary function among the 4 size parameters, recipient animals were divided into the following 2 groups on the basis of D/R body-weight ratio: group 1 (n = 8), D/R body-weight ratio equal or greater than 1.2 (range, 1.20-1.64); group 2 (n = 9), D/R body-weight ratio of less than 1.2 (range, 1.00-1.19). All 8 recipients of group 1 survived the 6-hour assessment period, and their PaO 2 values exceeded 500 mm Hg at 6 hours, whereas only 5 of 9 recipients of group 2 survived for 6 hours, and their PaO 2 values were less than 500 mm Hg (Figure 3) . The D/R body-weight ratio in the 4 animals that died before the 6-hour assessment period was 1.0, 1.02, 1.15, and 1.19, respectively.
Excluding 2 animals in group 2 that died at 105 and 110 minutes after reperfusion, respectively, the results of gas exchange and hemodynamics of the surviving recipients during the 6-hour assessment period are shown in Table 1 . PaO 2 was significantly better in group 1 than in group 2 (P = .0085). PaCO 2 was not significantly different between the 2 groups. Mean AoP and CO were significantly decreased after transplantation (P < .001) but were not significantly different between the 2 groups. Mean PAP was significantly lower in group 1 than in group 2 (P = .049). Mean CVP and mean LAP were stable during the assessment period in both groups.
The wet/dry lung-weight ratio in group 1 was significantly lower than that in group 2 (6.43 ± 0.35 vs 7.97 ± 0.59, P = .036; Figure 4 ).
Discussion
Lung transplantation has become an established therapy for patients with a variety of end-stage lung diseases. Although the number of donors has remained relatively unchanged, the number of patients waiting for lung transplants has grown. 1 In an effort to address the donor-shortage issue, living-donor lobar lung transplants have been performed with satisfactory intermediate survival and functional results. 2, 3 In this procedure 2 healthy donors are selected. One donor is selected for removal of the right lower lobe and the other for removal of the left lower lobe. These lobes are implanted to the recipient as the whole right and left lungs. Because a limited amount of lung tissue is transplanted, this type of operation is performed during cardiopulmonary bypass and seems to be best suited for children and small adults. However, the amount of tolerable size discrepancy between donors and recipients is currently unknown.
We used a canine bilateral living-donor lobar lung transplant model to evaluate the effect of donor-recipient size disparity on the early pulmonary function. A single donor was used in this experiment to simplify the model, whereas 2 healthy donors are required in the human setting. It is necessary to use a bilateral lung transplant model to assess the function of the relatively small transplanted grafts under physiologic conditions. In a single-lung transplant model, the native normal lung makes it difficult to evaluate the function of the transplanted graft under physiologic conditions. We avoided using cardiopulmonary bypass in this experiment to simplify the model itself and to exclude the adverse effect of cardiopulmonary bypass on the grafts. 4 The recipient animal was totally dependent on the right transplanted graft during the left lower lobe implantation. For this reason, a relatively large graft (right middle, lower, and cardiac lobes) was used for the right side. In our study the weight of the right middle, lower, and cardiac lobes was about 40% of total donor lung weight, and that of the left lower lobe was about 25%. Given the fact that the model has some difference from the human setting, we believe that this model is good enough to evaluate the effect of donor-recipient size disparity on the early pulmonary function.
Donor and recipient classically are size matched by means of measurement of the dimensions of the chest on radiograms. Several investigators have extensively studied lung size matching for single-and double-lung transplantation, as well as for heart-lung transplantation. Miyoshi and colleagues 5 analyzed predicted vital capacity (VC) of donors and recipients in single-and double-lung transplantation. Massard and coworkers 6 reported that the submammary thoracic perimeter appeared to be a satisfactory selection parameter in double-lung transplantation. Tamm and colleagues 7 reported that size matching of donors and recipients in heart-lung transplantation could be achieved by comparing their predicted total lung capacity (TLC) values. Predicted values of VC and TLC are calculated from a knowledge of height, age, and sex. Egan and colleagues 8 recommended listing recipients with an acceptable donor height range because lung size is not influenced by body weight.
Contrary to previous reports, the present study demonstrated the importance of D/R body-weight ratio on early pulmonary function. Height, chest circumference, and lung weight did not predict the posttransplant PAP and PaO 2 values. It is possible that canine chest differences to the primate may affect the interpretation of these results because body weight does not have a strong correlation to lung size in human subjects. However, the significant effect of D/R body-weight ratio seen in the present experiment may have the following explanations. Although the effects of oversized grafts are better predicted by calculating VC or TLC, as proposed by Egan and colleagues, 8 the effects of undersized grafts may be better predicted by D/R bodyweight ratio because oxygen requirement of the recipient depends on body weight. When the transplanted grafts are small, underweight recipients may be better tolerated. Patients with cystic fibrosis are often malnourished yet have large chest cavities. Cohen and colleagues 9 have reported excellent results in adult patients with cystic fibrosis who received lobes from donors with similar heights. We recently performed a bilateral living-donor lobar transplant for a 24-year-old woman with severe bronchiectasis using her sister's right lower lobe and her mother's left lower lobe. 10 Although their heights were quite similar, there was a large weight discrepancy among them. From the results of early pulmonary function in group 2 (D/R body weight ratio, <1.2), it is evident that excessively small donor grafts cause the depression of PaO 2 and elevation of PAP, resulting in acute lung edema, as manifested by the increased wet/dry lung-weight ratio. In contrast, excellent results obtained in group 1 (D/R body weight ratio, ≥1.2) suggest that living-donor lobar lung transplant can be performed successfully with relatively small donor grafts, even without cardiopulmonary bypass. In fact, Bisson and colleagues have 11 reported 2 successful cases of bilateral lobar transplant (right middle and lower lobe plus left lower lobe) from cadaveric donors performed without cardiopulmonary bypass.
We conclude that the D/R weight ratio is an important predictor of early pulmonary function after living-donor lobar transplantation in this canine model in which the right middle, lower, and cardiac lobes were transplanted, along with the left lower lobe from a single donor.
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